The 3D orthogonal woven basalt fiber reinforced polyimide (PI) composites were fabricated and characterized in this study. The PI film was firstly prepared to determine PI processing parameters. Fourier transform infrared (FTIR) analysis showed that 300˚C was the suitable imidization temperature. Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) results showed relatively good thermal properties of the PI film. In the fabrication of composites, the multi-step impregnation method was applied. The bending properties of 3 mm-thick composite showed increasing trend in all and the second-time impregnated composite had much higher value than the first-time impregnated composite. Moreover, the bending fracture mode photos showed obvious creases except for the first-time impregnated materials, which agreed well with the bending property values. The dielectric constants for the composites were complex because they had not regular value following the mixing rule of the composites, which was mainly due to the interfacial polarization and other effects in the fabrication processing.
Introduction
For recent years, much attention has been given to polyimide (PI) and its composites due to their high mechanical strength, good thermal stability, high stability under vacuum, good anti-radiation, and good solvent resistance. Investigations on the fiber reinforced thermoplastic polyimide composites have been made by many researchers [1] - [7] . In [3] , the effect of rare earth (RE) solution surface modification of poly-p-phenylenebenzobisoxazole (PBO) fibers on the tensile property of PBO fiber-reinforced thermoplastic polyimide (PBO/PI) composites have been investigated. Experimental results revealed that RE surface treatment could effectively improve the interfacial adhesion between PBO fibers and PI matrix. In [5] , they compared the effects of rare earth solution (RES) treatment and air oxidation surface treatment on the mechanical and tribological properties of carbon fiber-reinforced polyimide composites and found that the RES surface treatment was superior to air oxidation treatment in promoting interfacial adhesion between carbon fiber and PI matrix. Paplham et al. [6] have investigated the effect of crystallization of the thermoplastic polyimide upon the microhardness values of the resin. The results showed that the addition of carbon fibers to the neat resins greatly increased the microhardness and thus the yield stress of the composite.
The emergence of 3D woven composites is aimed to improve the weaknesses of traditional laminated structures, namely delamination. Among the different technologies to produce 3D fiber architecture, 3D orthogonal woven preforms have gained industrial acceptance [8] - [15] . However, little has been reported on the properties of 3D fiber reinforced thermoplastic polyimide composites though the 3D composites have been more and more frequently used because of their damage tolerance and anti-delamination properties.
In this study, 3D basalt fiber reinforced PI composites have been fabricated. The selection of basalt fibers is due to its desirable properties such as high tensile strength, high tensile modulus, and excellent heat resistance. It is produced in a similar way as glass fibers using basalt rock which is an over-ground, effusive volcanic rock with 45% -52% SiO 2 [16] - [18] . The whole paper was arranged as follows. The thermoplastic PI film was firstly prepared by imidization process of polyamic acid. Then the measurements on the film including surface chemical analysis and thermal property analysis were investigated. Finally, the 3D composite materials were fabricated and the bending properties as well as the dielectric properties were characterized and discussed.
Experimental

Preparation of Polyamic Acid (PAA) and PI Film
The polyimide was obtained through the imidization process of the PAA. The PAA was synthesized by reacting 3,3', 4,4'-benzophenonetetracarboxylic dianhydride (BTDA) with 4,4-oxydianiline (4,4-ODA) .The molar fraction of them was 1.02:1. The N, N-dimethyl formamide (DMF) was used as the solvent of 4,4'-ODA. Figure 1 shows the synthesis process of PAA and PI. The PAA film was cast onto a clean glass, where thickness was controlled by the diameter of copper wire around glass rod. The PAA film was imidized according to the procedure in a FIR radiation oven as shown in Figure 2 . The final yellow imidized film was peeled off the glass plate by soaking in hot water and dried in the oven. . Dfferential scanning calorimetry (DSC) was performed on a Perkin Elmer Pyris 1 DSC Differential Scanning Calorimeter in a nitrogen atmosphere at a flow rate of 50 cm 3 •min −1
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. The glass transition temperature (T g ) was determined by the inflection point of the heat flow versus temperature curve.
Composite Manufacturing
In the manufacturing process of the composite, the multi-step impregnation method was applied. In the first-time impregnation, the 3D orthogonal woven basalt fabric was immersed into the PAA, and then was put into the vacuum oven to remove the air bubbles. Padding was also necessary to remove the superfluous liquid on the fabric. Under the pressure of 0.08 -0.09 MPa, the 3D fabric was dried and pre-imidized at 80/1 h, 120/1 h, 150/1 h and 180/1 h. In the second-time impregnation process, the first-time prepregs were immersed into the PAA and being treated following the same process as the first-time impregnation. Thus impregnation for five times was performed totally and after each impregnation, the samples were saved and the resin content was calculated. In the very final step, the prepregs were molded into composites using the press vulcanizer at the following sequence shown in Figure 3 . After cooled to the room temperature, the five compact 3D orthogonal woven basalt /PI composites were obtained. The 3 mm and 5 mm thickness of composite were fabricated finally. For convenience, the composite samples of 3 mm thickness were named as S1, S2, S3, S4 and S5, representing one to five times of impregnation respectively. Using the 3D orthogonal woven structure fabric as the preform, the molding method applied in this study was new and totally different with other PI composites processing methods [2] . Figure 3 . The post-impregnation process for the final composite panels.
The Photographs
To observe different appearances of the prepregs for different times of impregnation, the microscopic photos were taken using the KH-1000 3D digital video microscopic measurement system.
Bending Test
The 3-point bending tests were conducted using WDW-20 Computerized Electronic Universal Testing Machine on regular specimens of 250 × 25 mm, with the span length fixed at 150 mm. The specimens were cut with the length being in the directions of the warp and weft yarns. The specimens were deflected until rupture occurred in the outer fiber. The failure modes for the 3-point bending test of the composites were analyzed using the manual camera.
Dielectric Property Test
The dielectric property tests were performed on Agilent 4291 B 1.8 GHz Impedance/Material Analyzer. All the specimens were dried before measuring. The dielectric constant and loss tangent of the composites were obtained in the frequency range from 1 MHz to 1000 MHz.
Results and Discussion
The Properties of PI Films
FTIR of the PI films at different imidization temperatures are shown in Figure 4 . We have calculated the ratio of the absorbance at 1720 or 1380 cm −1 to that at 1500 cm −1 , that is C=O/C=C or C-N/C=C. The changing trend of the ratios versus the imidization temperature can be used to characterize the imidization process indirectly (shown in Figure 5 ). It can be seen that the imidization degree had the increasing trend with increasing temperature in all. At 300˚C, the imidization degree of the PI film reached almost the maximum value. Therefore, 300˚C was used determined as the final imidization temperature of PI films. Figure 6 and Figure 7 show DSC and TGA curves of the PI film imidized at 300˚C. The PI film had T g of 261.87˚C and decomposed temperature of 531.0˚C in the nitrogen, indicating the adequate thermal properties of the film. Figure 8 shows the resin content versus times of impregnation. The resin content increased as the times were increased for the fabrics of 3 and 5 mm thickness. The 3 mm-thick composite had higher resin content compared with the 5-mm thick composite at each-time impregnation. The lower thickness made the resin easier infuse into the fabric under the same processing parameters. After five-time impregnation, the 3 mm-thick composite had 33.61% resin content which was much higher than that of 5 mm-thick composite (18.30%). Table 1 lists the bending properties of the 3 mm-thick composite. In all, the bending strength and modulus increased as the resin content was increased, which was mainly due to the improved face properties of the composite as the PI resin was infused. It is also noticed that composites showed significantly better bending properties after the second impregnation processing was finished indicating the positive effect of multi-step impregnation processing. In addition, the bending properties in the weft direction were higher than those in the warp direction due to the higher volume fraction of the weft yarns. Resin/Fabric (wt%) Times 3mm thick fabric 5mm thick fabric Figure 9 shows the bending failure modes of the composite materials. It can be seen that all the materials had creases after the bending damage expect for the one-time impregnated material which had the lowest resin content. These damage modes illustrated the bending properties and agreed with the bending properties in Table 1 .
The Resin Content of the Composites
Bending Test
S. N. Hou et al.
39
Dielectric Properties
Frequency dependence of dielectric constant and dielectric loss are shown in Figure 10 and Figure 11 . For each type of the composites, the dielectric constant remained relatively constant but a little decrease as the frequency was increased indicating dielectric stability under frequencies of the PI composites. In addition, the resin content of the five composites were decreasing in the order S5 > S4 > S3 > S2 > S1, however, the dielectric constant for them are found to be decreasing in the order S3 > S2 > S5 > S4 > S1. This does not agree with the well-known mixing rule for dielectric constant of a multi-component material. Similar results have been reported in our previous study, in which the dielectric constants of the five aramid/glass hybrid composite structures were found not to be in the order of the fiber content [19] . The dielectric losses of the five composites were very close in Figure 11 and showed constant value as the frequency was increased.
Discussions
The photos in Figure 12 and Figure 13 show the typical surface and inner images of the 3 mm and 5 mm thick composites. It has been mentioned that the surface resin content increased as the times were increased; however, it was not the case for the inner part of the composites. When the temperature was raised, the solvent evaporating leaded to the viscosity rising with a film forming at the outer surface of the composite. The film hindered the inner solvent evaporating outwards and thus air bubbles were produced. Due to the lower thickness, the 3 mm thick composite had some yellow polyimide resin in the inner part. However, for the 5 mm thick composite, relatively less polyimide could be observed. Dielectric constant is relatively a complex value in the composites, which is related to the material component, volume fraction, manufacturing method and other effects. In this study, the phenomenon of not agreeing with the mixing rule was mainly due to the existence of interface polarization between fiber and resin, which made the final dielectric constant complicated. For further studies, interface polarization of the basalt fiber and PI needs to be investigated to find the influence rule.
Conclusion
The PI film was firstly prepared to obtain the imidization temperature for the thermoplastic polyimide. To fabricate the 3D orthogonal woven basalt PI composite, the multi-step impregnation method was applied. After fivetime impregnation, the 3 mm and 5 mm thick composites had 33.61% and 18.30% resin content respectively indicating that the lower thickness was easier for the resin to infuse. In the bending test for 3 mm-thick composite, the bending strength and modulus increased as the resin content was increased and the significant increase could be observed after the second impregnation processing. For the dielectric properties, the dielectric constant and loss had relatively stable value under different frequencies; however, the dielectric constants of the five composites did not change with the resin content regularly.
